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bstract

This work studied the potential use of the waste from Eucalyptus globulus and Eucalyptus nitens as energy crops, evaluating young and adult
tages of both in all four seasons of the year with different moisture contents. The study was carried out made in Cantabria (North coast of
pain), located at latitude 43◦28′N, and longitude 3◦48′W. In this region, 29,513 ha are dedicated to the growth of Eucalyptus, with about 80%
. globulus, and 20% E. nitens. Six different plantations have been analyzed and their bioclimatic diagrams determined. After the collection of
amples the potential energy of every sample was obtained, they were weighed, analyzed and burned, giving a mean net calorific value of 17,384

nd 17,927 kJ/kg in the adult stage of E. globulus and E. nitens, respectively. The results for the young stage of both species were 17,708 and
8,670 kJ/kg. Moisture content in the samples has a great influence on power production. Finally, the economic and environmental consequences
f these crop species for the region of Cantabria were analyzed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Spain, like many other countries in the European Union, does
ot have great reserves of petroleum or natural gas, which means
here is a need for external energy, around 75% of the total
emand [1].

This situation justifies the study and development of alter-
ative power plants whose raw material is a local resource. In
his way, the power dependency would be reduced and use of
hese energies will provide environmental benefit. One of the
ecommendations of the Kyoto Protocol, in its Article 3.3, is to
ncrease the surface dedicated to forest, since this acts in two
ays, they behave as carbon drains and they provide renewable

aw material for a power plant [2].
The objective of this work is the evaluation of the power
otential of the wastes of the two species of Eucalyptus
rown in the region of Cantabria. These are evaluated in two
tages of development, adult and young, for the four seasons
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calorific value

f the year, and different moisture content. The determina-
ion of the calorific values was made for the different parts
hich the waste consists of. Moreover, the elementary chem-

cal composition, the percentage of ashes after the combus-
ion and an economic–environmental analysis were performed.
he method followed for the power analysis determines the
alorific power of these species by means of a static calorimetric
ump [3].

This new approach contributes to the scientific literature with
he thermal analysis of the young stage of the Eucalyptus glob-
lus. The interest is based in the importance of this phase in the
ossible use of this species as an energy crop [4]. The results
btained from the adult stage corroborate the studies made in
5–7], where the wastes of this species in other geographic
ones are evaluated. Regarding the Eucalyptus nitens, there is no
vailable works on its energy evaluation. Thus, the study of this
pecies was undertaken obtaining reference values which were
ompared with those obtained from the E. globulus analysis,
oth for adult phase and for the young.
The Cantabrian forests occupy more than 2/3 of the region’s
erritory, and almost 60% of them are in use [8]. This represents
great forest surface that is still capable of significant growth.
he average volume of wood generated annually in the area is

mailto:perezrs@unican.es
mailto:renedoc@unican.es
mailto:ortizfa@unican.es
mailto:mananam@unican.es
mailto:siliod@unican.es
dx.doi.org/10.1016/j.tca.2006.08.009
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Table 1
Forest surface in Cantabria [9]

Use Hectares (ha)

Forest with trees 209,611
Forest without trees 145,201
Total forest 359,458
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ucalyptus 29,513

50,000 m3, where 93% corresponds to Eucalyptus, 6% to Pine
adiate and 1% to other native species [9,10], Table 1. These
ata reveal that the predominant productions are species of fast
rowth, as is the Eucalyptus.

The conventional use of the Eucalyptus is the paper industry,
ue to the high cellulose content of its wood. In this sector the
seful part is taken, leaving in the plantation the rest of the
ree (bark, branches, leaves, seeds, etc.), which could be used
s fuel. Considering that the average density of the Eucalyptus
s 740 kg/m3 [11], this comes to be 378,500 t of useful wood.
sually the percentage of waste is 20% of the tree weight [12],
hich means that 95,000 t of wastes are abandoned annually in

he plantations.
The predominant species in the coastal zones is the E. glob-

lus, whereas in the mountains or in zones with a high prob-
bility of freezing, the suitable species is the E. nitens. The
atter is highly resistant to cold temperatures, although the cel-
ulose production is lower than that of E. globulus. Currently,
he presence of insect plagues and fungi in the E. globulus,
uch as Gonipterus scutellatus [13,14], for the adult stage,
nd Mycosphaerella molleriana, in young [15], has caused this
pecies to have lost importance in favour of the E. nitens,
ven in its natural area of development, which is the coastal
ones.

. Calorific value and moisture content of the samples

The most important parameter to characterize a substance as
ombustible is the calorific value. This is defined as the amount
f heat given off when it is burned, with an excess of oxygen, at a
iven pressure and temperature. It is assumed that the end items
f the combustion are O2, CO2, SO2 and N2 in gaseous phase,
nd H2O in liquid phase. The water formed in the combustion
omes from the moisture contained in the samples and in the
ir. There is also water provided by the reaction of the hydrogen
ontained in the dry sample.

Two calorific values are defined:

Gross calorific value (GCV), assuming that the water gener-
ated in the combustion is in liquid state.
Net calorific value (NCV), if the water generated in the com-
bustion is in steam state.
The method used in order to determine the calorific value
ives the GCV as its result. The difference between the GCV
nd the NCV is the vaporization energy of the water present in
he combustion.

p
i
e
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It is assumed that the combustion reaction of dry biomass is
he following:

αHβOγNδSεA +
(

2ε + β

2 + α

)
O2

= β

2
H2O + α

2
CO2 + δ

2
N2 + εSO2 + ashes (1)

rom Eq. (1) it could be deduced that each mol of biomass
roduces β/2 mol of water. So, considering that the molecu-
ar weights of H and H2O are 1 and 18 g/mol, respectively,
t is evident that each gram of hydrogen generates nine of
ater.
The atmospheric air contains humidity, and since in a real

ombustion oxygen is extracted from it, and the combustible
ontains moisture, all this water must be considered in the deter-
ination of the NCV. Thus, the relation between the GCV and

he NCV is the GCV minus the heat necessary to vaporize the
ater formed in the reaction. Considering that the vaporization
eat of water is 2442 kJ/kg [16], the relation between both vari-
bles can be expressed as

CV = GCV − 2442 × 0.01(Hb + Ha) − 2442 × 0.01 × 9Hd

(2)

here Hd is the % of hydrogen in the dry sample, Hb the %
rom moisture of the waste and Ha is the % of air humidity in
he combustion (the tests were made in an atmosphere of pure

2, which is why the term Ha is null).
The NCV is most relevant at the time of characterizing a

uel, since it is the one that is usually used in a combustion. The
etermination of the NCV is not only fundamental at the time
f evaluating a substance from a power point of view, but also
ives an idea of its inflammability or its potential to generate
nd to propagate fires. Another important variable in the power
tudy of these wastes is the moisture content. This parameter
ot only varies with the season of the year in which the sample
s collected, but also varies with the time between when the tree
s cut down and when it is burned. In order to observe both
ffects separately, samples throughout the year were taken and
hey were burned with different moisture content.

. Ashes

Additionally, the amount of ashes resulting from the combus-
ion of the different species of Eucalyptus, has been determined.
his is a crucial parameter due to the importance that it has at

he time of designing the boilers for this type of fuel [17], and
ts later management as waste.

The amount of nutrients extracted by these species from the
oils of the plantations, which are fundamental data in order to
stablish fertilization programs. In systems where all the parts of
he tree are completely removed from the forest, it is necessary to

rovide artificial fertilization or to return the ashes to the forest
n order to prevent soil impoverishment. This is, therefore, an
xtra cost that has to be taken into account [18,19]. In this work
chemical analysis of ashes has not been made, since the mass
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f ash resulting from the combustion in the calorimeter was not
nough to give a sufficiently precise analysis.

. Material and methods

The first stage of the work in the field was to determine where
o collect the samples and of which size they should be to get
ealistic conclusions. Three zones of each species were chosen to
ake the study. The plantations were located in the Eastern, Cen-

ral and Western part of the region, in such a way that the biomass
amples were sufficiently representative, Fig. 1. The samples of
. globulus were collected at altitudes below 250 m, whereas the
amples of E. nitens were found between 250 and 500 m.

Once inside each chosen zone, the samples were collected
voiding low or high densities of trees, irregular surfaces, edge
ffects or any unusual characteristic that causes the tree to differ
rom what is considered to be the norm. The plantations were
lso characterized by the type of soil, solar radiation, topog-
aphy, structure, fertilization programs, etc. All these variables
onsequently influence the volume and the quality of the wood
nd wastes [20].

It is necessary to emphasize that the chosen plantations have
surface between 30 and 150 ha, in which young and adult

rees coexist. From each selected area, two adult trees were cut
nd then several samples of each part that comprise the waste
ere extracted. The forest wastes are obtained from several parts
f the tree, leaves, thick branches (3 cm < diameter <7 cm), thin
ranches (diameter < 3 cm), seeds and bark. An analogous pro-
ess was carried out with young trees, for which neither thick
ranches nor seeds exist.

Once the samples were collected and classified, they were
ransported to the Energy Laboratory of the University of
antabria, where they were weighed and burned with differ-
nt moistures. The elementary chemical analysis (Carlo Erba
108) was provided by an external Institute.

From each sample, several portions (approximately 1 g) were
xtracted (moisture included). One part of them was used to
nalyze the moisture percentage, and the other was burned in a

alorimeter to evaluate its potential energy with maximum mois-
ure. The rest of the portions were left in a natural drying process,
n order to be subsequently analyzed with inferior moistures. To

ake the work easier, some common tools in forest tasks were

s
m
t
t

Fig. 1. Location of the plan
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sed. The height measuring was made with a hypsometer Ver-
ex, with a sensibility equal to 0.1 m, and the diameter with a
aliper (500–650 mm).

The material used in the laboratory for the characterization of
he wastes consisted of a moisture analyzer, a precision balance,
nd a calorimeter. The moisture analyzer is electronic, model
artorius MA145, and allows the measurement of the relative
ater content of the different parts that compose the wastes,
ith a sensitivity of 0.01%. Its operation principle is based on

he method of thermogravimetry. So, first the sample is weighed,
hen it is dried with infrared radiation, and finally it is weighed
gain, this being a destructive trial.

The samples analyzed in the calorimeter were previously
eighed with a balance whose sensibility is 0.1 mg, model Sar-

orius BP 121S.
The combustion experiments have been made in a calorime-

er, model IKA C 5000. This calorimeter is able to analyze
ombustible in liquid or solid form, making the combustion in
n atmosphere of O2 (99.99995% pure, provided by Air Liq-
ide, Spain), which assures the complete combustion of the
ample. The calorimeter can be operate in two operation ways,
ne adiabatic (without thermal losses), according to the standard
IN, and another isoperibolic (constant reference temperature),

ccording to the standard ASTM. Before the beginning of each
ession of tests (every 2 months), the calorimeter must be cali-
rated, for which six combustions with benzoic acid have to be
ade (GCV = 26,455 ± 20 J/g). The calibration process can be

eemed satisfactory when the dispersion of the error is inferior
o 0.2%.

. Results and discussion

The characteristics of the studied plantations are presented
n Table 2. The physical and climatic parameters are of great
mportance in the forest production of the region.

Using the climatic data for each plantation [21], the bio-
limatic diagrams were made. The accomplishment of these
iagrams was based on the hypothesis that residual evapotran-

piration in mm, (e), is equal to 20% of the evapotranspiration in
m (ETP). Due to the similarity between some of them, only the

wo most representative are shown in Figs. 2 and 3, where T is
he mean temperature in ◦C, IBR the real bioclimatic intensity in

tations in Cantabria.
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Table 2
Characterization of the plantations

Eucalyptus globulus Eucalyptus nitens

Liendo Carcena Corona Guriezo Campos de Estrada Cabanzon

Soil Amphibolite Clayey Sandy Sandy Clay-muddy Neis
Slope (%) 10 4 2 19.5 20 18.3
Height (m) 110 130 98 325 480 475
Orientation East Southeast Northeast Southeast Southwest North
Density (stems/ha) 1500 1800 1800 1600 1400 1500
Age (years) 13 1.4 12 2 11 1 15 1.1 14 1.7 7 2.1
Ds (cm) 14.4 6.5 41.0 9.5 40.1 7.2 16.1 6.7 21.3 9.3 18.3 10.2
Hm (m) 19.1 – 22.9 – 21.0 – 21.2 – 23.7 – 13.8 –
H0 (m) 22.0 1.8 26.1 3.7 23.8 3.2 24.8 3.0 26.8 4.6 16.8 5.1

Mean annual temperature (◦C) 13.8 13.8 13.9 11.1 11.2 10.7

A 172

M

b
t

h
o
s
p
t
c
g
h
t
v

t
a
o
s
t
m
A

o
c
m
l
s

p
t
o
g
t
s
o
h
t

G

nnual rain fall (mm) 1112 1340 1

editerraneanity index 1.80

cu, HA the hydric availability in mm, and 7.5 ◦C the minimum
emperature for vegetal activity.

The analysis of the diagrams showed that the stands do not
ave vegetation shutdown during the winter. In the plantations
f the coastal zone (E. globulus, Fig. 2), it is in the months of
ummer where the real bioclimatic intensity is inferior to the
otential one, due to the drought. This effect does not occur in
he interior zones (E. nitens, Fig. 3), in which growth reduction
aused by water shortage does not exist. The diagrams show the
reat potential of forest production in the region. On the other
and, the influence of physical and geographic parameters in
he power values is negligible. For this reason, only the average
alues of the six plantations are presented.

Before showing the results of calorific values, it is necessary
o indicate that these are influenced by a great number of vari-
bles which could vary the final value. Here, the importance
f seasonality and the variation of the moisture content in the

ample have been studied. Other specific variables relative to
he place and even to the individual could exist. This means a

ultitude of scenarios that make a complete study unfeasible.
mong the most representative are the geographical orientation

Fig. 2. Bioclimatic diagrams for the plantations of Eucalyptus globulus.
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f the plantation and the type of soil. Each individual tree’s own
haracteristics are related to its genetic parameters. Due to this
ultitude of conditions, difficult to quantify, the results must be

ooked at from the perspective of the peculiarities specific to this
tudy.

In the future, those genetically superior individuals (trees
lus), in terms of biomass production in a specific period of
ime, will be cloned and will form the future plantations. In
rder to characterize one of these clones, the amount of biomass
enerated by hectare [22], the percentage of the different parts
hat constitutes the tree and the calorific values of these parts
hould be determined. In this way, the power characterization
f this type of plantations, in which the amount of energy per
ectare is measured in (MJ/ha), will eliminate the influence of
he genetic variability.

In Table 3, the annual variation of the average values of the
CV, with the standard deviation and the error for all the samples

f the species studied, at maximum moisture (after collection)
s presented.

The variation of the GCV throughout the year is fundamen-
ally associated to the fluctuations of moisture and concentration

Fig. 3. Bioclimatic diagrams for the plantations of Eucalyptus nitens.
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Table 3
Annual variation of the GCV (kJ/kg) at maximum moisture

Winter Spring Summer Autumn

E. globulus
Adult

Leaves 12,568 ± 123.17 (0.98%) 12,848 ± 120.77 (0.94%) 13,789 ± 125.48 (0.91%) 14,127 ± ±122.9 (0.87%)
Thick branches 7968 ± 81.27 (1.02%) 7829 ± 87.68 (1.12%) 8142 ± 91.19 (1.12%) 8251 ± 56.11 (0.68%)
Thin branches 7912 ± 88.61 (1.12%) 7621 ± 100.60 (1.32%) 7526 ± 57.20 (0.76%) 7412 ± 92.65 (1.25%)
Bark 6231 ± 61.06 (0.98%) 5908 ± 50.22 (0.85%) 6587 ± 101.44 (1.54%) 7002 ± 78.42 (1.12%)
Seeds 11,489 ± 98.81 (0.86%) 11,564 ± 100.61 (0.87%) 12,582 ± 164.82 (1.31%) 12,497 ± 169.96 (1.36%)

Young
Leaves 11,244 ± 115.81 (1.03%) 11,780 ± 126.05 (1.07%) 11,874 ± 125.86 (1.06%) 12,573 ± 133.27 (1.06%)
Thin branches 9213 ± 105.95 (1.15%) 9117 ± 106.67 (1.17%) 9236 ± 90.51 (0.98%) 9451 ± 104.91 (1.11%)
Bark 9487 ± 74.95 (0.79%) 9164 ± 120.96 (1.32%) 10,234 ± 91.08 (0.89%) 10,561 ± 96.11 (0.91%)

E. nitens
Adult

Leaves 16,927 ± 159.11 (0.94%) 17,033 ± 166.92 (0.98%) 17,865 ± 133.99 (0.75%) 17,949 ± 148.98 (0.83%)
Thick branches 9127 ± 110.44 (1.21%) 9013 ± 77.51 (0.86%) 9102 ± 101.94 (1.12%) 9270 ± 81.58 (0.88%)
Thin branches 12,780 ± 143.14 (1.12%) 12,105 ± 99.26 (0.82%) 13,121 ± 161.39 (1.23%) 12,856 ± 18.00 (0.14%)
Bark 7009 ± 55.37 (0.79%) 7010 ± 86.22 (1.23%) 7564 ± 74.13 (0.98%) 7324 ± 17.58 (0.24%)
Seeds 11,259 ± 118.22 (1.05%) 11,150 ± 171.71 (1.54%) 11,875 ± 160.31 (1.35%) 12,141 ± 108.05 (0.89%)

Young
Leaves 10,572 ± 130.04 (1.23%) 10,482 ± 148.84 (1.42%) 11,008 ± 138.70 (1.26%) 11,239 ± 125.88 (1.12%)

(1.11%) 9163 ± 151.19 (1.65%) 9214 ± 62.66 (0.68%)
.33 (1.09%) 9524 ± 143.81 (1.51%) 9711 ± 127.21 (1.31%)

o
g
e
d
h
a
t
o
s
t
t

E
s
T
g
t
t
t
y
v
f

c
u
t
N
o
t

s

Table 4
Percentage, in weight, of each part of the tree

E. globulus E. nitens

Young (%) Adult (%) Young (%) Adult (%)

Leaves 38.96 2 41.66 2.2
Wood and thick branches – 81.06 – 79.69
Thin branches 53.00 8.4 49.20 10.3
Bark 8.04 7.4 9.14 7.6
Seeds – 1.14 – 0.21
Thin branches 9245 ± 72.11 (0.78%) 8919 ± 99
Bark 9657 ± 96.57 (1.00%) 9388 ± 102

f volatile substances and essential oils. The periods in which
reater concentrations appear coincide with the maximum veg-
table activity. The highest GCV is reached in autumn, which is
ue to the minor moisture of the samples at the moment of their
arvesting. Thus, the leaves of E. nitens in adult stage give an
verage value of 17,949 kJ/kg, whereas in the young stage it is
he leaves of E. globulus that give the greatest GCV, with a value
f 12,573 kJ/kg. The bark is the part of the waste that gives the
mallest GCV. In adult stage the E. nitens is the one that reaches
he greatest value, with a maximum value of 7324 kJ/kg, while
he E. globulus obtains 7002 kJ/kg.

Perhaps, the most remarkable fact in this research is that the
. nitens gives more power than the E. globulus in the adult
tage, which happens in all the parts of wastes except in seeds.
his is justified because the E. nitens, in the adult stage, has a
reater concentration of volatile components and essential oils
han the E. globulus [23]. These substances have a GCV superior
o 40,000 kJ/kg [24], which is very important for the GCV of
he wastes. Nevertheless, the same thing does not occur in the
oung stage, where it is the E. globulus that presents better power
alues, although their leaves have suffered the sequels of the
ungus Mycospharella spp.

The part, in weight, of each component of the tree [25], is indi-
ated in Table 4. The greater part of the adult tree corresponds to
seful wood, the total waste left in the plantations being 20% of
he weight of the tree. In Fig. 4 the annual averages of GCV and
CV, at maximum and minimum moisture, are shown. More-

ver, the GCV of each part and the percentage, in weight, over
he total waste have been taken into account (Table 4).

Observing Fig. 4, the calorific value of the wastes for both
pecies in their two stages of growth can be compared.

Fig. 4. Comparison of the average calorific value of the two species at maximum
moisture and dryness.
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Table 5
Annual average of the GCV

%W Leaves %W Thin branches %W Bark

E. globulus
Adult

40–43 12,848 ± 123.33 (0.93%) 42–45 7021 ± 84.75 (1.11%) 61–64 5908 ± 72.2 (1.12%)
27–30 17,587 ± 195.22 (1.11%) 29–31 12,333 ± 115.93 (0.94%) 45–48 6440 ± 87.58 (1.36%)
15–18 19,432 ± 190.43 (0.98%) 10–13 16,677 ± 165.10 (0.99%) 15–18 14,927 ± 135.84 (0.91%)
0–3 19,593 ± 209.64 (1.07%) 0–3 18,567 ± 232.09 (1.25%) 0–3 15,712 ± 196.4 (1.25%)

Young
51–54 11,780 ± 125.21 (1.06%) 48–51 9017 ± 108.73 (1.10%) 46–49 9164 ± 77.73 (0.84%)
26–29 12,741 ± 131.23 (1.03%) 36–39 11,653 ± 75.74 (0.65%) 20–23 9483 ± 124.23 (1.31%)
11–14 14,980 ± 146.8 (0.98%) 11–14 14,554 ± 139.72 (0.96%) 10–13 13,879 ± 174.88 (1.26%)
0–3 16,453 ± 143.14 (0.87%) 0–3 18,332 ± 203.49 (1.11%) 0–3 16,229 ± 321.33 (1.98%)

E. nitens
Adults

26–29 17,033 ± 152.64 (0.88%) 32–35 12,105 ± 105.22 (0.83%) 52–55 7010 ± 60.56 (0.81%)
18–21 18,428 ± 187.97 (1.02%) 20–23 14,008 ± 145.68 (1.04%) 28–31 11,235 ± 108.98 (0.97%)
9–12 21,005 ± 277.27 (1.32%) 8–11 16,571 ± 160.74 (0.97%) 12–15 14,338 ± 207.9 (1.45%)
0–3 22,551 ± 270.61 (1.20%) 0–3 18,509 ± 164.73 (0.89%) 0–3 16,402 ± 200.1 (1.22%)

Young
54–57 10,482 ± 136.12 (1.26%) 51–54 8919 ± 96.37 (1.06%) 39–42 9388 ± 117.47 (1.23%)
21–24 17,486 ± 160.87 (0.92%) 29–32 10,127 ± 80 (0.79%) 28–31 12,987 ± 129.87 (1%)
13–16 18,287 ± 181.04 (0.99%) 9–12 12,384 ± 125.08 (1.01%) 11–14 15,536 ± 181.77 (1.17%)
0–3 19,353 ± 193.53 (1.00%) 0–3 18,499 ± 196.09 (1.06%) 0–3 17,647 ± 174.71 (0.99%)

%W Thick branches %W Seeds

E. globulus
42–45 7829 ± 79.27 (0.99%) 58–61 9314 ± 132.36 (1.10%)
35–38 11,004 ± 97.94 (0.89%) 23–26 14,860 ± 169.4 (1.14%)
10–13 16,499 ± 188.09 (1.14%) 7–10 18,800 ± 231.24 (1.23%)
0–3 18,645 ± 225.60 (1.21%) 0–3 15,279 ± 126.82 (0.83%)

E. nitens
51–54 9013 ± 92.88 (1.02%) 40–43 11,150 ± 140.14 (1.21%)
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22–25 12,740 ± 124.85 (0.98%)
8–11 16,760 ± 221.23 (1.32%)
0–3 18,643 ± 162.19 (0.87%)

From the power point of view of the energy obtained, the
astes of E. nitens are superior to those of E. globulus. These

esults are very important since they integrate percentages of
ach part with respect to the whole tree, with their respective
nferior calorific values, with the NCV being obtained from the
aste.
In Table 5 the variation of the annual averages of the GCV of

he different parts from the wastes of E. globulus and E. nitens,
or different moisture content, are presented. The strong depen-
ency between the GCV and the moisture makes a waste predry-
ng process prior to burning advisable. For example, the leaves
f E. nitens present, at the moment of the harvesting, an annual
CV average 17,033 kJ/kg, whereas at minimum moisture this
alue is 22,551 kJ/kg. A similar effect can be appreciated with
he rest of tree parts.

Other forest species that can be used as energy crops, show
esults of calorific values for poplar clone bark of 19,667 and
7,473 kJ/kg [26,27]. These values are similar to those obtained

or the bark of E. globulus and E. nitens in this work.

In Table 6, the annual average of the elementary chemical
nalysis of the different parts that compose the wastes, for both
pecies in the two stages of growth studied.

p
r
a
t

21–24 14,972 ± 143.73 (0.96%)
5–8 18,835 ± 233.55 (1.24%)
0–3 19,939 ± 223.32 (1.12%)

Because the fertilization programs used in the plantations
elected were similar, small variations are observed. Perhaps, in
lantations without fertilization and in different soils, the per-
entage could be more variable, especially in the percentage of
itrogen and sulphur.

In Table 7, the average of the resulting ashes after each com-
ustion in the calorimeter appears. It is observed, in both species,
hat the greater amount of ashes corresponds to leaves and bark,
hich indicates that it is in these parts where more nutrients are

ccumulated. The maximum percentage of ash is provided by
he bark, with 7.1% and 6.3% in the adult stages of E. nitens and
. globulus, respectively, whereas in the young stage it is 4.5%

or E. nitens and 7.2% for E. globulus.
This fact is related to the existence in leaves and bark of a

reater concentration of nonvolatile nutrients (K: potassium; P:
hosphorus; Mg: magnesium; Ca: calcium; Na: sodium, etc.)
han in the wood. The amounts of nitrogen accumulated in the
iomass are substantially inferior to the reserves of this element

otentially available in the ground [18,19]. The contributions of
ain and some alterations are not sufficient to replace the calcium
nd other nutrients (Mg, P, etc.) extracted with the biomass of
he plantations [28]. In Cantabria, sulphur is found in greater
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Table 6
Annual average of the elementary chemical composition of the samples of E.
globulus and E. nitens

H C N S O (by diff.)

E. globulus
Adult

Leaves 7.27 54.01 1.41 0.22 37.09
Thick branches 6.98 46.01 0.75 0.13 46.13
Thin branches 7.13 50.09 0.54 0.09 42.15
Bark 6.60 49.92 0.65 0.20 42.63
Seeds 7.11 44.91 1.21 0.11 46.66

Young
Leaves 7.02 55.47 1.57 0.18 35.76
Thin branches 6.45 51.17 0.98 010 31.4
Bark 7.24 49.06 0.86 0.08 42.76

E. nitens
Adult

Leaves 7.12 56.89 1.31 0.16 34.52
Thick branches 6.78 48.16 0.78 0.21 44.07
Thin branches 6.85 53.24 0.68 0.25 38.98
Bark 7.22 57.31 0.71 0.14 34.62
Seeds 6.92 45.03 1.06 0.09 46.9

Young
Leaves 7.26 56.02 1.56 0.19 34.97
Thin branches 7.28 48.25 0.73 0.14 43.6
Bark 7.09 54.72 0.87 0.08 37.24

Table 7
Percentage, in weight, of the ashes with respect to the dry weight of wastes

E. globulus E. nitens

Young
Leaves 7.4 2.5
Thin branches 2.7 1.8
Bark 7.2 4.5
Average 4.89 2.34

Adult
Leaves 5.8 1.5
Thick branches 3.4 2.2
Thin branches 2.8 1.1
Bark 6.3 7.1
Seeds 2.4 2.3

Average 4.59 3.68
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Table 8
Annual economic evaluation per ha

Wastes (kg/(ha year)) NCV (kJ/kg) Electric efficiency (%)

E. globulus 5702 5478
20E. nitens 6624 7289

Table 9
Annual environmental analysis per ha

Wood (m3) Density
(kJ/kg)

Wood
(kg)

Waste
(kg)

%C in
wood

%

E. globulus 32 785 25,120 5869 52.80 4
E. nitens 37 696 25,752 6563 53.12 5
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oncentrations than those accumulated in the biomass. This is
ue to the generally acid nature of its soils.

In order to avoid the loss of fertility in soils, it would be
ecessary to give back to the plantation the ashes from the com-
ustion or to create programs of artificial fertilization. From the
ogistic and economic point of view, the contribution of artificial
ertilization is more advantageous than the return of ashes [25].
n this aspect, it is necessary to indicate that, depending on the
osts of CO2 emission, the economic viability will depend to a
reat extent on the energy extracted from these wastes.

Considering the species studied, a lower average percent-
ge of ashes is observed in the E. nitens, which has a positive
nfluence on its costs with respect to the E. globulus. So, this is
ummarized in two aspects: a smaller amount of nutrients to be
rovided per hectare of plantation and lower cleaning and main-
enance costs of the boilers in which the combustion is carried
ut.

Assuming an average wood production per ha and year like
he one indicated in Table 8 [25], a yield in the electrical gener-
tion of 20% [29], and a electricity price of 6.7 cD /kWh [30], it
s possible to estimate the production of the region of Cantabria,
nd what the collection of this waste would mean in economic
erms. For this, the total surface dedicated to the growth of E.
itens, 5906 ha, and E. globulus, 23,610 ha, have been consid-
red. Taking into account the analysis performed, it is observed
hat if the wastes of both species of Eucalyptus currently cul-
ivated in the region were collected, they would produce an
mportant annual income. The sale of electricity obtained from
hese wastes could generate 1.06 MD for the E. nitens, and
.75 MD for the E. globulus.

From the environmental point of view, the benefit provided by
he average production previously described, in tonnes of CO2
xed per ha and year, has been calculated. Moreover, although

he combustion of the wastes releases into the atmosphere the
O2 fixed previously to trees, the carbon balance is positive since
part of the carbon is permanently trapped in the roots and soil

organic horizon) [18]. On the other hand, the part corresponding
o the wood will be transformed into elements of lasting nature

furniture, paper, etc.). Thus, the carbon will be held in them
uasi-permanently.

The high growth of the species studied implies a great pro-
uctivity per ha for this type of plantation. The results of Table 9

Electricity (kWh/(ha year)) cD /kWh D /(ha year) MD /year

1735.3
6.7

116.3 2.75
2682.3 179.7 1.06

C in waste C in wood
(kg)

C in wasted
(kg)

C total
(kg)

Fixed CO2

(kg/(ha year))

9.42 13,263 2900 16,164 64,656
0.99 13,679 3346 17,026 68,105
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eveal that these types of plantations are real carbon drains. Thus,
n average plantation of E. globulus would fix annually 64.5 t of
O2 per ha, while the E. nitens would fix 68.1 t.

. Conclusions

From the power point of view, the wastes of the E. nitens are
lightly better than those of the E. globulus, and this in spite
f the greater commercial interest of the E. globulus for the
aper industry. This power superiority appears in the complete
oisture range and is associated to a greater concentration of

olatile substances and essentials oils.
In both species the part which the best calorific value is the

eaves. For the optimization of the cultivation of these species,
he leaves will be the part to maximize.

The energy analysis has shown that the calorific value could
e duplicated by drying the sample. The strong dependency
etween the GCV and the moisture makes a waste predrying
rocess prior to burning advisable.

In Cantabria the use of the forest wastes of E. globulus and
. nitens for electrical generation, would mean an approximate
nergy of 57 GWh. This could produce an annual income of
.8 MD , since this type of energy is considered to be within a
pecial regime.

The calorific values vary throughout the year, mainly due
o the moisture variation and to the concentration of volatile
nd aromatic substances. The study has shown that there are
o important differences between the calorific values obtained,
ven when the geographic and soils characteristics vary for the
ifferent plantations. So the data of the work is exportable to
ther places with similar bioclimatic characteristics.

The collection of the wastes supposes a gradual impoverish-
ent of the soil, which could be prevented by means of fertil-

zation programs. Thus, the ashes resulting from the combustion
an be used for this objective, as well as artificial fertilizations.
his first option has a greater cost, as much economic as logistic.

Finally, the environmental balance shows that the use of
pecies as energy crops, in the non-forest surface of Cantabria,
ould fix 40% of the CO2 assigned by Environment Ministry

o the region. This is an interesting economic alternative for the
arbon Emissions Market, which is a mechanism proposed by

he Kyoto Protocol.
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